Experimental photoperiods, presented either once only or repeatedly, were used to assess the oscillatory and hourglass properties of the photoperiodic clock in Japanese quail. Gonadectomized quail on 8-hr daylengths respond to a single skeleton photoperiod consisting of two 8-hr light pulses separated by 2 hr of darkness (i.e., LDLD 8:2:8:6) with a marked increase in secretion rate of luteinizing hormone (LH). This response suggests that the second light pulse interacts with a "photoinducible phase" (&Phi; i ) lying some 10-16 hr from "dawn" (start of the first light pulse). If, however, groups of quail maintained on 8-hr daylengths are transferred to continuous darkness (DD), and the position of the &Phi; i is sought by a single 8-hr light pulse applied at various times on the first or third day of DD, then an increase in circulating LH is, at best, barely detectable. It would appear that a strongly responsive &Phi; i does not recur rhythmically in DD. Instead, the light pulse apparently acts primarily as a "dawn" signal that triggers a single cycle of photoinducibility, since a second 8-hr light pulse, placed to begin 2 hr after the end of the first, induces a large increase in plasma LH. Similar results are obtained if any single 8-hr light pulse presented to animals held in darkness is preceded, 10 hr earlier, by a short "dawn" light signal. Such dawn signals can be effective when very short; a pulse of only 30 sec can cause a subsequent &Phi; i . The dawn pulse is effective at any circadian phase and leads to a single cycle in photoinducibility. In contrast, a much longer light pulse (perhaps not less than 4 hr) is needed to interact with &Phi; i if significant gonadotropin secretion is to be 1. To whom all correspondence should be addressed.
stimulated.
In confirmation of the findings described above, we found that Nanda-Hamner lighting schedules have remarkably little effect in stimulating gonadotropin secretion in gonadectomized quail. There is, for example, a very marked difference between the effectiveness of "resonating" schedules such as LD 6:6, which stimulates a high LH secretion rate since each "inductive" light pulse is preceded by an appropriate "dawn" signal, and a theoretically effective schedule such as LD 6:30, which induces a very small response by comparison. Such schedules (even theoretically noninductive ones) can, however, be made very highly inductive if alternate light pulses are preceded by an appropriately positioned 15-min light pulse to act as "dawn."
In photoperiodically responsive birds and mammals, there is considerable evidence that daylength is measured by a system in which light exerts its inductive effects only for a limited period, during the so-called &dquo;photoinducible phase&dquo; (~)i), which lies within the subjective nighttime of the animal (reviews in . So far as we are aware, the position and duration of the putative 4~i have been determined unequivocally in only two vertebrate species: the golden hamster, in which it appears to extend for almost 12 hr during the subjective night (Elliott, 1976) , and the Japanese quail, in which it seems to be only 4-6 hr long (Nicholls et al., 1983) .
Following the earlier hypotheses of Running (1936) , Pittendrigh (1981) , Pittendrigh and Minis (1964) , and Danilevskii (1965) , it has become rather widely accepted that there is a circadian basis to the measurement of photoperiod and that in the absence of an entraining light-dark (LD) cycle the rhythm of photoinducibility will recur regularly about every 24 hr. There is, indeed, much supportive evidence for this view in a variety of birds (e.g., Hamner, 1963; Follett et al., 1974; Turek, 1974; Gwinner and Eriksson, 1977) and rodents (e.g., Elliott, 1976; Stetson et al., 1975 Stetson et al., , 1976 ; Darrow and Goldman, 1986) ; however, in certain insects (Lees, 1973) , and in the only reptile studied adequately (Underwood, 1978) , equally convincing evidence exists against the involvement of a circadian photoperiodic clock.
In Japanese quail, the so-called Nanda-Hamner protocol (Nanda and Hamner, 1958) does cause testicular growth (Follett and Sharp, 1969; ), but only slowly; this, combined with the very weak responses to T-cycles (Simpson and Follett, 1982a) , suggests that a careful reassessment of the characteristics of the daylengthmeasuring system is justified in this species. The quail is particularly well suited for such an investigation, since photoperiodic induction occurs in gonadectomized individuals exposed to a single inductive light cycle. The wave of increased gonadotropin secretion following 1 long day persists for a week or more, during which circulating levels are much elevated and relatively stable (Nicholls et al., 1983) . It is simple to take small blood samples serially from birds, so that detailed patterns of gonadotropin secretion can be obtained for individuals. The response to a single photoperiod enables us to test the state and functioning of the clock when it is removed from external periodicity or entrainment. In contrast, the periodic repetition of stimuli enforces an oscillation on the system (the behavior of an hourglass &dquo;turned over&dquo; every cycle is identical to that of a linear oscillator) and should allow other features of the system to be revealed.
MATERIALS AND METHODS
Male Japanese quail (Coturnix c. japonica) were raised, gonadectomized, and pretreated before experiments as detailed previously (Nicholls et al., 1983) . In all cases the birds were caged individually in lightproof wooden chambers (four to eight birds per chamber) under an 8-hr daily photoperiod (intensity ca. 500 lux at midcage level, coolwhite fluorescent light) for at least 14 days before any experimental lighting schedule was commenced. During each experiment, a blood sample (ca. 100-200 ~1) was taken from the wing vein during the last 8-hr photoperiod preceding a lighting schedule to be tested. After the experimental lighting schedule was imposed, the birds were always left for at least 1 subsequent day in total darkness before a second blood sample was withdrawn to check for a photoperiodic response. In some instances involving prolonged exposure to experimental light cycles, samples were taken at intervals as described in the text.
Luteinizing hormone (LH) concentrations were measured by radioimmunoassay in duplicate aliquots (8 ~.1) of plasma, and the results were calculated in terms of an IRC2 chicken LH standard (jJ.g/liter) (see Follett et al., 1972) . The interassay variation ranged from 9.8% to 14%. The photoperiodic responses were usually expressed as the change in circulating LH resulting from the photoperiodic treatment. The importance of a 24-hr periodic regimen for time measurement was assessed in two ways. In the first, the experimental photoperiod was preceded by a period of constant darkness (DD) for 2-7 days. In the second, quail were held on an LD cycle whose period was incommensurate with 24 hr (i.e., was not a rational fraction of 24). Entrainment is not possible between two oscillators with incommensurate periods. Many such periods can be devised (e.g., 241T or 24e), but the best and the most remote from a rational fraction at any approximation is 24[(V5--1)/2] (the &dquo;golden mean&dquo;), or its inverse, 24[2/(N/5--1)]. The latter, 38 hr and 50 min (LD 8:30.83) , was chosen for this study in order to minimize the interaction between consecutive 8-hr light pulses. Before exposure to LD 8:30.83 cycles, the quail had been held on 24-hr cycles so that any endogenous oscillation would have been entrained to 24 hr, and therefore assumed exactly that period (hence our confidence that the &dquo;golden mean&dquo; of 24-hr cycles would not be able to entrain the endogenous oscillator).
RESULTS AND DISCUSSION

SINGLE-AND DOUBLE-PULSE EXPERIMENTS
The first series of experiments examined whether 4), showed the expected property of a circadian oscillator-that of being able to recur in DD. The earlier experiments of Nicholls et al. (1983) using castrated quail had shown a cycle of photoinducibility in birds on LD 8:16, with peak responses occurring 12-16 hr after dawn, but they had not tested whether the rhythm could free-run.
Groups of quail (n's = 8-14), held on LD 8:16, were exposed to a single 8-hr light period during the night that immediately followed 8 hr of light (e.g., LD 8:16 ...LD 8:16, LDL 8:2:8, DD), or at various times on the first (e.g., LD 8:16... LD 8:16, DL 10:8, DD) or third (e.g., LD 8:16...LD 8:16, D 24, D 24, LD 10:8, DD) days of DD. After the test pulse, the quail were held in darkness, and a blood sample was taken some 48 hr later. Figure 1 shows the changes in LH secretion caused by the various 8-hr periods. The data are not shown for a second experiment, but the results were similar. As expected, the 8-hr period given during the night following the last short day was highly inductive (p < 0.01, Student's t test), but the rhythm in <Pi did not subsequently persist, and no 8-hr period on either the first or third day of darkness caused a significant rise in plasma LH. A slight hint of some rhythmicity remained, but only a very few of the differences were statistically significant ( Fig. 1 ). For example, the 8-hr light period given at hours 12-20 on the third day of DD caused no positive increase in LH secretion, but the change ( -0.2 jJ.g/liter) was just statistically greater than the larger fall found when light was given at hours 8-16 (p < 0.05). Even this minor difference was not observed on the first day of DD. The most conservative conclusion must be that a self-sustaining rhythm to (~i is not present but runs for only one cycle when triggered by a &dquo;dawn&dquo; signal. FIGURE 1. A test as to whether the rhythm of photoinducibility (<Pi) persists in DD. The curve was obtained by releasing individual Japanese quail on day 1 of LD 8:16 into darkness. Each quail was then tested for its photoperiodic sensitivity by exposing it to a single 8-hr light pulse at a particular time after the release into darkness. Blood samples were taken during the last short day and 48 hr after the light pulse. The change in LH (jig/liter) is the measure of photoinduction. Results are shown for groups of birds (n = 6-8 in each case) exposed to 8 hr of light on days 1, 2, and 4 of darkness. Each data point shows the response for 8 hr set on either side of the point (mean ± SEM), and the test constitutes a &dquo;population rhythm.&dquo; In marked contrast with such a test in white-crowned sparrows (Follett et al., 1974) , the only significant rise was found on the last day of LD 8:16 (**p < 0.01 for difference from zero change), and a strong rhythm did not persist. Support for this hypothesis came from the next experiment, in which quail were again released into darkness from LD 8:16 and given single 8-hr light periods at various times on day 3, each being followed, after 2 hr of darkness, by a further 8 hr of light (e.g., LD 8:16...LD 8:16, D 24, D 24, DL 12:8, DD for the control group, compared with LD 8:16...LD 8:16, D 24, D 24, DLDL 12:8:2:8, DD for the test group). Figure 2 shows that the control birds given one 8-hr period did not respond (as in Fig. 1 ), but if given a second 8-hr period, virtually all did so strongly and equally. It seems, therefore, that &dquo;dawn,&dquo; represented by the lights-on signal of the first 8-hr period, can trigger a cycle in ~; regardless of where that dawn falls in the darkness. There is no evidence for a strong time dependence in the position of the &dquo;dawn,&dquo; as might be expected if a circadian system were important in the response.
This was explored further with experiments to determine just how long the &dquo;dawn pulse&dquo; had to be in order to trigger a cycle in ~;. Groups of quail (n's = 8-14) were transferred to darkness for two complete cycles, and on the third day the birds were exposed to a single cycle of the form LDL n:(10 -n):8. This design exposed the quail to a &dquo;dawn&dquo; signal, and then 10 hr later tested to see whether a rhythm of FIGURE 2. The effects of 8-hr light pulses given to castrated quail on the third day of darkness. Each pair of bars compares the changes in plasma LH (J1g/liter) for an 8-hr pulse given at the times shown below (open bars) and the response when the 8-hr pulse was followed after another 2 hr of darkness with a second 8-hr light pulse (hatched bars). The box below the figure shows the actual experiment for the right-hand comparison. Note how none of the single 8-hr periods were inductive, but all set up a cycle in,~i so that the second 8-hr pulse caused significant rises in LH. photoinducibility had been triggered by exposing the birds to 8 hr of light. Two days later, blood samples were removed to measure circulating LH and compare it with the levels on the last short day. The dawn-pulse durations tested were 30 sec, 7.5 min, 30 min, 2 hr, and 8 hr. To discover whether the dawn pulse was effective whenever it occurred relative to the underlying circadian system, the dawn was set to begin at either hours 0, 6, 12, or 18 (hour 0 was defined as the time of the original dawn when the birds were on LD 8:16). The overall experiment used 24 groups of quail (n = 8 in each case), and the results are summarized in Table 1 in terms of the changes in LH concentration measured 48 hr after the 8-hr pulse (samples taken after 96 hr showed the same pattern). Comparisons were then made between responses. When the 8-hr light period was given without a preceding dawn pulse (Table 1, top line) it was noninductive, regardless of when it was given on the third day of darkness. However, a dawn pulse as short as 30 sec was able to trigger a cycle in <Vi' The change in LH was significantly greater than in the control birds (no dawn pulse) when the 30-sec pulse was given at hours 0 (p < 0.01) or 6 (p < 0.01). Dawn pulses longer than 30 sec always triggered a cycle in w;, and the change in LH was significant (p < 0.05) in all these 16 treatments (Table 1 , bottom four lines). Interestingly, though, there was a trend for the magnitude of the LH change to be greater when of which is defined as hour 0) into darkness for 2 full days. 'Change in plasma LH (jig/liter, mean ± SEM; n = 8 in all cases) is the difference between LH levels in LD 8:16 before releasing into darkness and 2 days (in darkness) after the end of the 8-hr light test pulse.
the dawn pulse was long (e.g., 8-hr vs. 30-sec dawn pulses at hour 0, p < 0.05; at hour 12, p < 0.001), suggesting that the amplitude of (~i is influenced by the strength of the dawn signal used to trigger it. Another trend was also apparent: The very short 30-sec pulses were more effective at hours 0 or 6 than if given at hours 12 or 18 (e.g., 30-sec pulses at hour 0 vs. hour 18, p < 0.05; hour 6 vs. hour 12, p < 0.01).
This observation was confirmed in another experiment which used a 1-min dawn pulse given at hours 0, 6, or 12 on the third day of darkness. Figure 3 compares the change in LH (f.1g/liter) caused by the pulse alone (e.g., open bar, left-hand pair, LD 8:16...LD 8:16, D 24, D 24, L 0.017, DD) with that where the pulse was followed 10 hr later by 8 hr of light (e.g., hatched bar, left-hand pair, LD 8:16...LD 8:16, D 24, D 24, LDL 0.017:10:8, DD). All pulses triggered a cycle in <))~ but by themselves were noninductive. The dawn pulses given at hours 0 or 6 caused a significantly greater response than if given at hour 12 (p < 0.05 in both cases). This is further evidence, then, that a very weak circadian component may still be involved in the quail's photoperiodic response, perhaps by being coupled to the photoinducibility rhythm. However, this trend was not observed in the results using the 8-hr pulse (Table 1) , nor was it seen in a separate study in which eight groups of quail (n = 8 in each case) were held in continuous dim blue-green light for 7 days before testing with the same paradigm as outlined in Table 1 . Under these conditions, a short dawn pulse (30 sec or 7.5 min) triggered a strong cycle in 4)i, regardless of the phase at which the dawn pulse was given in the dark period. Thus, the skeleton LDL 0.008:10:8 schedule (the one with the 30-sec pulse) starting at hour 0 caused LH levels to rise from 7.1 ± 1.2 to 15.5 ± 2.6 f.1g/liter (n = 8). At hour 18 it caused a change from 6.7 ± 0.9 to 15.2 ±3.8 f.1g/1iter (n = 8), the two responses being of the same magnitude. Schedules of the type LDL 0.125:10:8 (the one with the 7.5-min pulse) starting at hours 6 or 12 also caused equal changes in LH (n = 8 in both cases): 9.0 + 2.2 jjLg/liter and 8.6 ± 3.2 f.1g/liter. A group of castrated quail (n = 48) was transferred from LD 8:16 to LD 8:30.83. This &dquo;golden mean&dquo; cycle was chosen because an oscillator whose period was about 24 hr would not be able to entrain to it. An interesting property of the &dquo;golden mean&dquo; cycle is that 8 hr of light will fall every time at a different phase of a 24-hr cycle FIGURE 3. An experiment showing that a 1-min light pulse given at hours 0, 6, or 12 on the third day of darkness did not itself cause photoinduction (open bars), but that pulses did begin a cycle in ~&dquo; which could be seen by giving 8 hr of light 10 hr after the 1-min pulse (hatched bars). The panel below the figure shows the actual schedules used where 1 min of light was given at hour 6. &dquo;Pre&dquo; and &dquo;post&dquo; refer to occasions when blood samples were taken. Mean ± SEM (n = 8) (**p < 0.01 and *p < 0.05 compared with controls).
(circadian oscillation), and in the course of many cycles it can be predicted that if <Pi is part of a strong endogenous oscillator, then light should coincide with (~i. It is worth restating that only a single coincidence is needed to trigger photoinduction. However, none of the quail responded, and LH levels after a month (17 cycles) had not increased any more than in the control quail held on in LD 8:16: For the experimental quail, LH concentrations (tig/liter) before and after 17 cycles, respectively, were 7.0 ± 1.0 and 6.9 ± 0.5 (n = 48); for the control quail, they were 3.2 ± 1.1 and 5.1 ± 1.2 (n = 26). To test whether the experimental quail were indeed still photoinducible, they were subjected to skeletons of the form LDL n:(10 -n):8, without first being released into constant conditions. These skeletons started at either hour 6 or hour 20 of the cycle. A 30-sec dawn pulse triggered a large increase in LH levels ()JLg/liter) at both times: 6.9 ± 1.1 to 28.9 ± 6.7 at hour 6 (n = 12) and 9.1 ± 1.8 to 21.3 ± 5.1 1 at hour 20 (n = 8). The conclusion can be drawn that (~i had not free-run in the &dquo;golden mean&dquo; cycle, but that each 8-hr light period had initiated a single cycle in photoinducibility.
A converse series of experiments held the &dquo;dawn pulse&dquo; constant at 8 hr and varied the duration of the second light pulse interacting with (~i. Already there was evidence that this pulse had to be some hours long in order to trigger a rise in LH secretion (Nicholls et al., 1983) , and this is borne out by the data in Table 2 . A second pulse of 4 hr triggered a significant rise in LH, but a pulse of 1 hr did not. Thus, the light requirement for triggering a cycle in (~i is very different from that needed to interact with <Pi and cause photoinduction (seconds in the former case, hours in the latter).
REPEAT-PULSE EXPERIMENTS
The largely negative results obtained with single 8-hr pulses given at any time in a DD free-run ( Fig. 1 ) raised questions as to whether the classic Nanda and Hamner (1958) schedule would be inductive in castrated quail. This was investigated in a series of experiments.
Groups of short-day castrated quail (n's = 8), which were known from previous experiments to respond strongly to a single long day, were exposed to repeated cycles of LD 6:6, LD 6:18, LD 6:30, LD 6:42, and LD 6:54. Plasma LH was measured on the first day of the experiment and after four cycles of LD 6:6 and eight cycles of the other treatments (i.e, in all cases birds by this time had received four 6-hr pulses positioned in the subjective night). As Figure 4 shows, the only inductive regimen was LD 6:6 (p < 0.001), while the other potentially inductive cycles (LD 6:30, LD 6:54) did not result in significant increases in plasma LH ( p > 0.30 and p > 0.80, respectively, paired t tests). As in the single-pulse experiment, however, there was a hint of some resonance in the response, although this hardly reached statistical signif- 'Change in plasma LH (jig/liter, mean ± SEM) is the difference between the concentration taken on the last day of LD 8:16 and that taken 2 days (in DD) after the second pulse. icance: The mean rise for LD 6:54 was not different from that for LD 6:42; that for LD 6:30 ( + 1.4 ± 1.3 J.Lg/liter, n = 8) was different from that for LD 6:42 ( -2.8 ± 0.9, n = 8; t = 2.62, p < 0.05), but not from that for LD 6:18 ( -4.0 ± 2.2, n = 8; t = 2.11, p > 0.05). Of the 16 birds on LD 6:18 or LD 6:42, none showed an individual increase in plasma LH, whereas 5 of the 15 quail receiving LD 6:30 or LD 6:54 showed an increase of more than 3.5 J.Lg/liter-a further hint that some quail do respond, albeit weakly, to traditionally inductive Nanda-Hamner cycles. In a second experiment with different birds, plasma LH was tracked over many more cycles, and the data are shown by solid circles in Figure 5 . After eight cycles of LD 8:28, there had been a significant rise in LH, F (9, 48) = 3.6, p < 0.005 (oneway analysis of variance with repeated measures). This was followed by a drop in LH, but hormone levels were still elevated significantly after 34 cycles. A single extra 8-hr light period begun 2 hr after the 34th cycle increased the levels markedly. In contrast, LH levels were unchanged, F (7, 56) = 1.1, p > 0.20, after 26 cycles of LD 8:40; as expected, the birds also responded powerfully to a final 8-hr pulse 2 hr after the last cycle. The 14 quail exposed to LD 8:52 showed a significant rise after 20 cycles, F (6, 66) = 9.2, p < 0.0001, although the actual mean LH level (6.5 ± 0.6 tjLg/liter) was much lower than was found with full photoperiodic induction. This was confirmed by the massive rise that occurred when a further 8-hr light pulse was given FIGURE 5. A Nanda-Hamner experiment in which castrated Japanese quail were exposed to (a) LD 8:28, (b) LD 8:40, and (c) LD 8:52. Plasma LH levels were measured over 20-24 cycles and after transfer to long days of LD 20:4. In addition, two other groups were exposed to modified Nanda-Hamner paradigms in which 15 min of light was given 10 hr before every other 8-hr light pulse. The 15 min was included as a &dquo;dawn pulse.&dquo; As can be seen, the normal Nanda-Hamner schedules were barely inductive, but those with the extra dawn pulse were highly inductive. Mean ± SEM (n's = 8-14). at the end of the experiment (29.8 ± 0.6 [tg/liter). This experiment, therefore, again shows that Nanda-Hamner schedules of LD 8:28 and LD 8:52 are highly ineffective in castrated quail, although they are slightly more inductive than LD 8:40. This point was substantiated by modifying the Nanda-Hamner schedules to include a 15-min &dquo;dawn pulse&dquo; 10 hr before every other 8 hr of light. The two schedules tested, therefore, were as follows: LDLDLD 8:18:0.25:9.75:8:28, repeated (to be compared with LD 8:28); and LDLDLD 8:30:0.25:9.75:8:40, repeated (to be compared with LD 8:40). Both of these schedules proved to be highly inductive, with the LH levels being increased 20-fold after six cycles (Fig. 5) . Indeed, they were as stimulatory as normal long photoperiods. The length of the extra &dquo;dawn pulse&dquo; needed to be only very short, and it did not matter whether it was given before the first or the second 8 hr in the cycle. In a different experiment (data not shown), a 1-min dawn pulse was used in two schedules. After 20 cycles of LDLDLD 8:18:0.017:10:8:28, LH levels had risen to 13.7 ± 1.6 J.Lg/liter (n = 8), while with LDLDLD 8:28:8:18:0.017:10, the final concentrations were 12.2 ± 2.6 J.Lg/liter (n = 18). These values were not different from each other (analysis of variance with repeated measures).
A final experiment examined whether the schedule of LD 8:28 could maintain high LH levels once photoinduction had been triggered by exposing castrated quail to normal long days. Figure 6 shows that it could not, and after six cycles LH had fallen from 25.3 ± 2.7 to 7.4 ± 1.0 J.Lg/liter (n = 8). If a &dquo;dawn pulse&dquo; of 15 min was inserted in the LD 8:28 schedules, circulating LH was maintained at a high level.
GENERAL DISCUSSION
It seems clear from previous work (Follett and Sharp, 1969; Simpson and Follett, 1982a; Follett and Millette, 1982; Nicholls et al., 1983) and from the present experiments that the photoperiodic reproductive response of quail occurs when light coincides and interacts with a &dquo;photoinducible phase&dquo; ((~i) occurring 10-16 hr after dawn. It is evident, however, that in quail (~i occurs only once after a &dquo;dawn signal.&dquo; It is thus a reasonable deduction that the change from darkness to light at dawn begins a slow but progressive process that leads after some 12 hr to 4)i. The experiments show clearly that the dawn signal required to trigger this process need only be brief; a 30-sec pulse of light is sufficient. Also, this dawn signal is effective at all phases-something that would not be predicted if induction were based on a circadian rhythm of sensitivity. If light is present when the state of photoinducibility has developed, then the daylength FIGURE 6. A Nanda-Hamner experiment to determine whether transfer of already photostimulated castrated quail to schedules of the basic type LD 8:28 could sustain LH secretion.
Plasma LH (jjLg/Iiter) is plotted against the number of cycles [mean ± SEM (n = 8)]. The paradigm LD 8:28 is shown with solid symbols, and, clearly, it was not read as a long day. Plasma LH levels fell rapidly. This was not true (open symbols) if a 15-min light pulse was set to occur 10 hr before every other 8 hr of light and acted as an appropriate &dquo;dawn&dquo; signal. In this case, the paradigm was LDLDLD 8:18:0.25:9.75:8:28, repeated. Statistical comparisons (unpaired t tests) are shown between the two treatments (***p < 0.001, **p < 0.01, *p < 0.05).
is read as inductive, and the reproductive system is activated. Most interestingly, the light that actually interacts with 4)i has to be far longer, suggesting that at a neural level the &dquo;dawn pulse&dquo; and the &dquo;inductive pulse&dquo; may be acting in very different ways. 4)i does not persist indefinitely and disappears completely by about hour 20 after the &dquo;dawn pulse.&dquo; This is, of course, an absolute necessity, since otherwise short days themselves (LD 8:16, LD 8:16, . ..) would be inductive! In the absence of a dawn signal to trigger a cycle in (~i (i.e., in DD), there is little evidence for a strongly recurrent (~i in our domesticated quail. Nevertheless, as inspection of the data indicates, there is some slight evidence that the birds were more photoinducible at certain times in DD. Certain of the single 8-hr light pulses caused small (though often not statistically significant) rises in plasma LH compared with control levels. Indeed, careful examination of data for individual birds conveys the impression that some individuals were more prone to this than others. We interpret this as indicating that the slow process leading to photoinducibility and which normally is begun by the light at dawn, can, in some individuals, begin extremely slowly and weakly at roughly 24-hr intervals in darkness when a dawn signal is absent but &dquo;expected.&dquo; Such a circadian tendency is, of course, not surprising, since it is an almost universal attribute of temporally organized events in eukaryotes, but we feel that this interpretation is very different from the usual one implying that circadian rhythmicity is a crucial component in the daylength-measuring system. Indeed, under natural conditions, the bird would never use its circadian ability in this respect, since a dawn signal would always occur.
It is perhaps worth mentioning again the data of Simpson and Follett (1982a,b) , which were the first in our laboratory to raise queries over the importance of circadian rhythms in photoperiodic time measurement in our domesticated Japanese quail. These authors showed that varying the LD cycle away from 24 hr (so-called T-cycles) led to the expected major shifts in phase of two rhythms that are clearly under circadian clock control in quail-the locomotor rhythm and the oviposition cycle. Phase advances of 3-5 hr occurred in both oscillators if they were exposed to long T-cycles of 30 hr. However, the effects on the photoperiodic clock were barely measurable. Under 30-hr cycles the critical daylength was just shortened, but only to 10.5 hr compared with 11.5 hr in quail exposed to 24-hr LD cycles. This slight effect was confirmed in a long series of asymmetric skeleton experiments using 24-hr and 27-hr cycles, but again the phase shift in (~i was very much smaller than the shift in phase of the locomotor rhythm (Simpson and Follett, 1982a) . T-cycles containing 1 hr or 3 hr of light and ranging in duration from 19 hr to 36 hr were quite ineffective in causing testicular growth. The conclusion that has to be drawn from all these various experiments, including an earlier Nanda-Hamner experiment of Dobson (see , is that photoperiodic time measurement relies on a clock that is triggered by dawn each day and shows only very weak circadian properties. In the late 1960s, Follett and Sharp (1969) published the results of a Nanda-Hamner experiment that did show quite a positive response, although, as in the present experiments, the rates of growth induced by cycles such as LD 6:30 and LD 6:54 were poor and were only 22% of that found under long days.
We have wondered whether inbreeding of our closed quail colony might have somehow altered the photoperiodic clock, but first-generation wild European quail (Coturnix coturnix coturnix) also show only a very weak response to Nanda-Hamner cycles (Follett, in preparation) . In contrast, of course, are experiments with other species of birds (e.g., Hamner, 1963; Follett et al., 1974; Turek, 1974; Tewary and Kumar, 1981) , which do seem to indicate a strong circadian component in the generation of ~;. Perhaps, therefore, there are not clear qualitative differences between species but only quantitative ones, and the impression of an essential and fundamental role for circadian rhythmicity in avian photoperiodism, derived when species with strong circadian abilities are subjected to experiments specifically designed to search for it, may lead to a misinterpretation of the way in which daylength is measured under natural conditions. An obvious next question is to ask whether this hourglass clock lies in a region of the brain separate from the circadian clock in the suprachiasmatic nucleus (SCN). Unfortunately this is not yet known, but it may be significant that SCN-lesioned quail that were arrhythmic in terms of locomotor activity showed perfectly normal testicular growth on long days ). An attractive idea consistent with the present results is that the bird's photoperiodic clock is distinct from the circadian time-measuring system but coupled to it-weakly in quail, more strongly in other species. The daylength-measuring system in birds is beginning to look very different neurally from that in mammals, where the pineal gland is much involved. Since the latter is driven from the SCN, it would be predicted that photoperiodic time measurement will be greatly changed by perturbations to the circadian system. These include T-cycles (Elliott, 1976; Darrow and Goldman, 1986) , very short night interruptions (Earnest and Turek, 1983; Ellis and Follett, 1983) and SCN lesions (Rusak and Zucker, 1979) . The pineal-melatonin circuit in birds is very similar to that in mammals, but birds generally do not seem to use this system to measure photoperiodic time (for review, see Follett et al., 1985) . The finding that the neural system in birds that underlies < t > ¡ can be triggered by very short pulses of light, but that induction requires much longer interactions between light and < t > ¡ (the present experiments and also Follett and Millette, 1982) , is of particular interest.
